To estimate the effects of baseline grip strength and cognition on the trajectory of functional limitation over time. DESIGN: Longitudinal study of older adults participating in the Survey of Health, Ageing and Retirement in Europe (SHARE). SETTING: Urban and rural households in 11 European countries and Israel. PARTICIPANTS: Individuals aged 50 and older from SHARE (2004-2015) (N=14,073; 52.5% female). MEASUREMENTS: Outcomes were functional limitation scores from five panel wave. Main exposure variables were grip strength and cognitive measures including memory, verbal fluency, and numeracy at baseline. Basic demographic characteristics, life habits, and health status were considered as potential confounders. Mixed-effect linear regression models were fitted. RESULTS: Functional limitation increased significantly over time (follow-up range 0.9-11.6 years) (β = 0.051, P < .001). Mixed-effect linear regression models identified significant interactions between grip strength (β = −0.001, P < .001), numeracy (β = −0.012, P < .001), verbal fluency (β = −0.003, P < .001), word recall (β = −0.006, P < .001) and time on functional limitation. CONCLUSION: Stronger baseline grip strength and better cognition predicted a slower rate of increase in functional limitation over time in older adults. Grip strength and cognitive function appeared to be useful indicators of the functional limitation process and attested to their value in monitoring functional change in European older adults. J Am Geriatr Soc 67:93-99, 2019.
I
n Europe, the proportion of older adults has increased from approximately 16 .0% in 1980 to more than 24.7% in 2017, to the point where approximately 1 in every 4 Europeans is aged 60 and older. 1 As people age, they are more likely to have functional limitation such as difficulty with walking, climbing, and balance and with fine motor skills. 2 As a substantial impairment in an individual's ability to perform major life activities effectively, 3 is has been believed that functional limitations are the major factor contributing to several adverse health outcomes, including loss of ability to live independently, 4 poor quality of life, 4,5 depression, 6 dementia 7 and even mortality. 8, 9 It is generally viewed that functional limitation is the precursor to functional disability 10, 11 and is amenable to interventions. 2 Thus, better understanding of the underlying factors that influence physical function and its limitation is essential to ameliorate additional functional loss and prevent subsequent disability.
Muscle strength has been found to be important for maintenance of physical function. Earlier cross-sectional studies showed a significant nonlinear relationship between muscle strength and functional limitation, 12, 13 and recent prospective studies have found that stronger baseline grip strength was associated with better follow-up physical function. 14, 15 These findings suggest that a minimum level of strength is a prerequisite for physical function and that, when strength is above the minimum required level, it may serve as reserve capacity, which is beneficial to prevent functional limitation in the future. Few studies have focused on the role of muscle strength in the trajectory of functional limitation over time.
There have also been few studies of the association between cognitive function and functional limitation, and these have been limited in scope. Although several observational studies have found that poor executive function is a risk factor of gait disorder, [16] [17] [18] the effects of other cognitive domains including memory and numeracy on functional limitation have not been thoroughly investigated.
We conducted a prospective study using a large, population-based sample derived from The Survey of Health, Ageing and Retirement in Europe (SHARE) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) to estimate the effect of baseline grip strength and cognition on change in functional limitation over 10 years.
METHODS

Study Sample
SHARE is a biennial longitudinal survey of the aging process in individuals aged 50 and older in most European Union countries and Israel. The survey collects information such as health, socioeconomic status, and social and family networks. Based on probability household sampling, respondents are surveyed using standardized computerassisted personal interviews. Details about the sampling procedure have been publishes. 19 SHARE has conducted 5 panel waves (1, 2, 4, 5, 6 ) and a retrospective life history wave (3). We analyzed data from the 5 panel waves in this study. [20] [21] [22] [23] [24] The ethics committee of the University of Mannheim and the ethics council of the Max Planck Society reviewed and approved SHARE.
The baseline (W1) survey was conducted in 11 European countries (Austria, Germany, Sweden, Netherlands, Spain, Italy, France, Denmark, Greece, Switzerland, Belgium) in 2004 and Israel in 2005-06. The average household response rate was 62%, and 30,434 people participated. Some participants were excluded from this study: those younger than 50 at baseline (n = 1,192); those who did not participate in any of the following surveys (n = 4,983); and those with diseases and conditions such as cancer (n = 2,485), Parkinson's disease (n = 458), stroke (n = 2,072), fracture (hip or femoral, n = 1,210), or Alzheimer's disease (n = 1,115) at any wave. Meanwhile, 4,174 people who shared the same household with primary respondents were also excluded so that all the observations in the sample were independent. After filtering, 14,073 individuals were included in this study (Figure 1 ).
Functional Limitation
Functional limitation was assessed according to answers from a list of 10 physical function-related questions, including walking 100 m; sitting for approximately 2 hours; getting up from a chair after sitting for a long period; climbing several flights of stairs without resting; climbing 1 flight of stairs without resting; stooping, kneeling, or crouching; reaching or extending the arms above shoulder level; pulling or pushing large objects such as a living room chair; lifting or carrying weights over 10 pounds or 5 kilos, and picking a small coin up from a table. 25 For each item, participants were given 1 point when they reported having a functional problem and 0 otherwise. Scores on all items were aggregated into a functional limitation score (range 0-10, higher scores indicating more-severe functional limitation). We calculated scores for Waves 1, 2, 4, 5, and 6 to track the status of and changes in functional limitation for 10 years.
Grip Strength
Baseline grip strength was measured using a handheld dynamometer (Smedley, S Dynamometer, TTM, Tokyo, 100 kg). 26, 27 Respondents were instructed to stand (preferably) or sit to keep the upper arms tight against the trunk with elbows at a 90 angle and squeeze the handles as hard as possible. Two values were recorded for each hand. Measurements were defined valid when the values of 2 measurements in one hand differed by less than 20 kg and invalid if values were 0 or greater than 100 kilograms. The maximum value of 4 measurements was used in this study and will be referred as grip strength. 26 Based on the age-and sex-specific median for grip strength, participants were grouped as low grip strength or high grip strength (Supplementary Table S1 ).
Cognitive Function
Baseline cognitive function was measured in 3 domains: memory, verbal fluency, and numeracy. Memory performance was assessed using the 10-word list-learning test from a modified version of the Rey Auditory Verbal Learning Test; 28 participants were presented with 10 common words and asked to recall the words immediately (immediate recall) and again 5 minutes later (delayed recall). The memory score was defined as the number of words recalled correctly (range 0-20). Verbal fluency, a test for executive functioning and language ability, 29, 30 was measured by asking respondents to correctly name as many animals as possible, without repetitions or proper nouns during a 1-minute period. Participants received 1 point every time they successfully named an animal. In the examination of Figure 1 . Study participant flow. numeracy ability, respondents were asked to solve mathematical questions from daily life, varying from estimating simple mathematical relations to calculations of compound interest. The score ranges from 1 to 5. For each domain, higher scores indicate better cognition. Global cognitive function was measured as the sum of the memory, verbal fluency, and numeracy scores. According to the official report of SHARE, we re-coded each cognitive measure to a binary variable. Individuals with as close as possible to 7% lowest scoring were defined as patients with cognitive impairment (approximately 1.5 standard deviations below the mean, a generally agreed-upon criterion for relative cognitive impairment) (Supplementary Table S2 ). 27 
Other Variables
Covariates recorded in the baseline survey included country, age, sex, educational level, body mass index, physical activity, depression, cigarette smoking, alcohol drinking, heart attack, arthritis, hypertension, hypercholesterolemia, diabetes, and osteoporosis. 31 Based on the International Standard Classification of Education (ISCED 97), 32 educational level was categorized as primary level (ISCED 0-1), lower secondary level (ISCED 2), upper secondary level (ISCED 3-4), and tertiary level (ISCED 5-6). 33 Physical activity was measured by asking how often the participant engaged in moderate-and vigorous-intensity physical 34 Depressive symptoms were estimated using, the Euro-depression (EURO-D) scale with higher scores indicating greater depression. 35, 36 Cigarette smoking was categorized as never, current, or former. Alcohol drinking was grouped as "frequency more than the recommended level" and "frequency no more than the recommended level' 27 Heart attack, arthritis, hypertension, hypercholesterolemia, diabetes, and osteoporosis were dichotomized as "no" versus "yes" based on answers to the question of "Has a doctor ever diagnosed you with [this problem]?"
Statistical Analysis
Baseline characteristics were categorized using means AE standard deviations and percentages. Variation in functional limitation score over time was assessed in a univariate mixed-effect linear regression model. Mixed-effect linear regression models were used to explore the possible effects of different baseline grip strengths and cognition levels on functional limitation score. The time variable interacted with each of the main exposure variables (baseline grip strength, memory, verbal fluency, numeracy). These main exposure variables were first introduced as quantitative variables in the models and then entered as binary variables to plot the trajectory of functional limitation. When one of the main exposures was tested, variables such as age, sex, country, education, body mass index, physical activity, smoking, alcohol drinking, EURO-D score, heart attack, arthritis, hypertension, hypercholesterolemia, diabetes, osteoporosis and the other main exposures were adjusted as covariates. To reduce the possibility of reverse causation, we conducted the sensitivity analysis by excluding data from participants with myocardial infarction or coronary thrombosis or any other heart problem at baseline.
All data were analyzed using Stata version 15 (Stata Corp LP, College Station, TX).
RESULTS
Fourteen thousand seventy-three individuals were eligible for this study after filtering (Figure 1 ). Follow-up ranged from 0.9 to 11.6 years. Table 1 Table 2 shows associations between baseline exposures and longitudinal functional limitation change, based on mixed-effect linear regression analyses with each exposure as a quantitative variable. Each exposure was found to interact negatively with time, suggesting that stronger grip strength (β = −0.001, P < .001), numeracy (β = −0.012, P < .001), verbal fluency (β = −0.003, P < .001), and word recall (β = −0.006, P < .001) at baseline were associated with a significantly slower increase over time in functional limitation. Figure 2 shows predictive margins of functional limitation from the mixed-effect linear regression models with exposure variables as the preset binary values. Supplementary Table S3 lists the interaction terms between each wave and time for each exposure. Functional limitation score increased significantly faster in participants with weak grip strength than those with strong grip strength during followup. Rates of functional limitation of participants with cognitive impairment, including memory, verbal fluency, and numeracy, increased faster than those of participants with normal cognitive measures. Sensitivity analysis excluding participants who reported cardiovascular diseases at baseline yielded results similar to those of the primary analyses (Supplementary Table S4 ).
DISCUSSION
The main finding of this study is that weak baseline grip strength and cognitive measures are longitudinally associated with risk of functional limitation in European older adults.
Our finding on grip strength as a predictor of functional limitation is similar to findings of previous studies in different populations. 15, 37 A 2-year follow-up investigation reported that Japanese older women with weak grip strength were at higher risk (adjusted odds ratio=2.05, 95% confidence interval=1.08-3.91) of functional limitation than those with strong grip strength. 37 Another large-scale prospective occupational cohort study of 8,006 initially healthy men aged 45 to 68 from the Honolulu Heart Program and the Honolulu-Asia Aging Study showed that baseline grip strength predicted functional limitation and disability 25 years later after correcting for cofounders. 15 The current study provides evidence to demonstrate that there is also a longitudinal association between grip strength and functional limitation in Europeans. Grip strength can represent total body muscle strength because of the correlation with the strength of other muscle groups. 38 It can also be an overall indicator of the integrity of the central nervous system. 39 Weak grip strength may indicate sarcopenia or central nervous system damage, which accelerates functional limitation. We also found that good baseline cognitive measures had positive effects on the trajectory of functional limitation over time. Several previous studies supported our findings. For example, a 2-year cohort study of older Japanese adults found a significant correlation between lower Mini-Mental State Examination scores and greater odds of functional decline. 40 Another longitudinal study involving 977 community-dwelling people aged 65 and older reported that cognitive function affected rate of change in disability scores. 41 A single-blind randomized controlled trial with 5 years of follow-up showed that reasoning training (a type of cognitive training) could slow functional decline in self-reported instrumental activities of daily life. 42 A meta-analysis showed that cognitive training interventions could improve function-related outcomes, especially physical function requiring higher-order executive functions. 43 The mechanisms underlying the relationship between cognitive function and functional limitation are not clear. At the simplest level, execution of the physical task involves the sensorimotor nervous system and requires information processing and attention. A study using functional magnetic resonance imaging found that compare to younger people, elderly exhibited more pronounced processing of sensory information and intersensory integration in performed motor task, 44 which indicates that cognitive function plays a vital role in functional limitation with aging.
Our research provided evidence that maintaining grip strength and optimizing mental capacity might forestall functional decline. Previous studies showed that functional decline is a prerequisite for several adverse health outcomes such as dementia. 7, 45 Thus, physical and cognitive training in older adults may slow functional decline and prevent adverse health outcomes.
A major strength of this study was that it included many participants from a long-term prospective study, which gave our statistical analysis sufficient power to make the conclusion. Grip strength was objectively assessed using validated methods, trained staff, and standard operating procedures. Functional limitation was comprehensively evaluated, including gait, balance, arm function, and fine motor skills. There were also some limitations. First, longitudinal data are often incomplete or unbalanced because of loss to follow-up. Previous studies reported that attrition in the longitudinal survey was more complicated than often assumed, and attrition may not inevitably indicate bias and limit the generalizability of longitudinal comparisons. 46, 47 We used mixed-effect linear regression models, which provided appropriate techniques for managing such a challenge. Mixed-effect linear regression models can account for unbalanced or incomplete data under the assumption that observations are missing at random. The estimation based on maximum likelihood or restricted maximum likelihood techniques uses all available data. Thus, neither does a subject with a missing observation need to be excluded, nor do the missing observations need to be imputed. 48 Second, walking speed, a measure of functional limitation, was not included in our models because it is unavailable in the questionnaire.
In conclusion, the present findings corroborated the idea that stronger baseline grip strength and better cognition predict slower increase in functional limitation in older adults. Grip strength and cognitive function could be considered as important predictors for the development of functional limitation in elderly. The current study could be beneficial in identifying individuals at high risk of functional limitation and improving their quality of life. Conflict of Interest: The authors declared no conflicts of interest with respect to the authorship or publication of this article.
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